Enormous developments in the area of soluble noble metal clusters protected with monolayers are discussed. Mass spectrometry has been the principal tool with which cluster growth has been examined. The composition and chemistry of clusters have been examined extensively by mass spectrometry. Besides gold, silver, platinum, copper and iron clusters have been examined. Clusters have also been examined by tandem mass spectrometry and the importance of ligands in understanding closed shell electronic structure is understood from such studies. Protein protected noble metal clusters belong to a new group in this family of materials. Naked metal clusters bearing the same core composition as that of monolayer protected clusters is another class in this area, which have been discovered by laser desorption ionization from protein templates.
Introduction
Mass spectrometry, just after a century of its existence continues to be one of the most important workhorses of chemistry. 1, 2 Over the years, it has become the single most important analytical tool in proteomics, metabolomics and several other disciplines. 3, 4 Traditional materials science has been away from the influence of mass spectrometry as tools of solid state materials science such as X-ray diffraction, electron microscopy, electron spectroscopy and several others continue to be the principal means of analysis of solids. However, when dimension of matter reduces to the ultra-small regime, of the order of a nanometer, materials science requires mass spectrometry for detailed characterisation. This chapter explores this emerging influence of mass spectrometry in materials science taking noble metal clusters (M n ) as examples.
There are two important aspects of mass spectrometry relevant in the context of M n clusters. Mass analysis involves ionization which invariably imparts internal energy to the species. There is a need to reduce the energy input into the clusters as they are susceptible to rapid fragmentation as clusters in general are metastable, in comparison to the bulk. In a cluster system, there could be several closely lying minima and interconversion between them may become feasible due to the acquired internal energy. As a result, to study a cluster in its native form, it is required to minimize the internal energy input during ionization.
This requirement necessitates adaptation of soft ionization methods for ionizing clusters. The common methods of ionization are Electrospray Ionization (ESI) and Matrix Assisted laser Desorption Ionization (MALDI). 8, 9, 22, 28, [40] [41] [42] [43] [44] [45] [46] [47] Both have been employed successfully in a number of cases. However, as neither of them gives complete information, often a combination of the two is necessary for definite finger printing. Clusters are protected entities and charge incorporation into the system during ionization is often due to the ligand. In the case of functionalized ligands such as carboxyl (-COOH), amine (-NH 2 ), etc., a loss or acquisition of proton is the principal means of ionization. Therefore, pH control of the solution becomes an easy method in ESI. In several others, charge is brought into the system through metal incorporation as in case of Cs 1 adducts. 31 Mechanism of ionization in MALDI is still unclear in this system. As a result, exploration of various matrices and ionization conditions becomes necessary to observe reliable ionization of the cluster systems.
Ionization does not always lead to accurate mass analysis. As the clusters are fragile, fast analysis is necessary to reduce metastable decay. Mass spectrometers with adequate mass range and improved stability in such mass ranges are required as analysis often involves long time acquisition of data. Understanding of isotope distribution as a whole is needed which requires improved mass resolution at this mass range. 22, 42 Therefore, the most successful analysis involves TOF or Q-TOF.
Identification of the parent ion is confirmed in a few cases by MS/MS analysis. 15 In a cluster system, this requires increased ion intensity as well as improved mass range of analysis. As most instruments and most cluster systems do not simultaneously meet the requirements, such analyses are done only in few cases. Improved understanding of such clusters is feasible by the use of multiple methodologies.
As can be seen from the preceding paragraphs, mass spectrometry along with separation techniques have helped in the identification of new cluster systems. 48 In many cases, it has been mass spectrometry that has contributed to cluster science than crystallography. However, increasing capability, both in resolution and mass range as well as better ionization methods, would be necessary to grow the subject area further. While the current contribution of mass spectrometry is often limited to identification, more efforts are needed in exploring the properties of clusters by mass spectrometry, which requires better MS/MS capabilities. Clusters, because of their different conformations and due to the existence of isomers there is a need to undertake other analyses along with mass spectrometry. This is now possible with commercial instruments by Ion Mobility Mass Spectrometry (IMS). New efforts in this direction are happening in the past few years.
Gas phase clusters
Gas phase clusters are extremely reactive and as a result they cannot be stored in ambient conditions. 52 Always such clusters are made in situ where experimental properties are studied. Several techniques have been implemented to make such clusters in the gas phase; examples are the evaporation of metals by heating and ion/laser bombardment, etc. Laser vaporization techniques in conjunction with mass spectrometry have been used widely to investigate clusters precisely. Based on the constitution and properties, gas phase clusters have been classified as ionic, covalent, metal, semiconductor, molecular, etc. We will discuss a few of them. 52 2.1.1 Metal clusters. Metal clusters are made of different metals like alkali, alkaline earth and transition metals. 51 Plenty of reports are there especially on sodium clusters. 37, 53, 54 Such clusters are produced in a gas aggregation source where the metals (such as sodium) are heated at B400 1C. The hot vapor is then passed through a low vacuum He-atmosphere (T ¼ 77 K) to produce clusters of different sizes. Quadrupole mass analysers (QMA) are used to identify the clusters. Clusters up to 150 atoms have been observed. Knight et al. have observed a discontinuous variation in intensity at N ¼ 2, 8, 20, 40, 58 , and 92 (magic numbers) in the mass spectra of Na clusters. 53 Explanation for this pattern of intensity has been made based on the one-electron shell model in which 3s valence electrons are bound in a spherically symmetric potential well. These correspond to closed electronic shells. Similarly Katakuse et al. have shown the different ion intensities in the mass spectra of silver clusters (Ag x ). 23 In this case, silver clusters with an odd number of atoms are more intense compared to those with an even number which again can be explained by simply counting the number of valence electrons. The clusters with odd number of atoms have even number of valence electrons which results in spin pairing and that enhances the stability compared to those with even number of atoms. 30 It is also noticeable that just after these peaks, there is a sharp decrease in the intensity of the next peak. Guo et al. have demonstrated the direct generation of large silver cluster ions through laser desorption ionization of silver-containing salts without the assistance of a molecular beam. 55 Both positively and negatively charged silver clusters up to N ¼ 100 have been produced using this method. The distributions are similar to those produced using the beam-based approaches. Here also two special features have been observed; first, the cluster intensity distribution displays an odd-even alternation pattern and the second, a steep decrease of ion intensities after some clusters called 'magic numbers'. Au and Cu have also been studied extensively 23, 24 and lots of recent reports also exist to utilize them in cluster catalysis. enormous interest to explore the possibility of other semiconductor clusters. As the bonding between carbons is covalent in nature, they have the tendency to form a variety of clusters compared to other elements. Several series of carbon clusters including C 60 , C 70 , etc. are reported now. 56 Other than carbon, various kinds of gas phase Si clusters are known and Maruyama et al. 57 have shown a series of clusters starting from N ¼ 8 to 24 produced by pulsed laser-vaporization supersonic-expansion cluster beam source, directly connected to a FT-ICR spectrometer (Fig. 1B) . Then the injected and size selected silicon clusters were cooled to room temperature by collision with argon.
Molecular clusters.
Several kinds of gas phase molecular clusters exist in the literature. 27, 33, 58, [66] [67] [68] [69] [70] Inorganic molecular structures such as polyoxymolybdates are examples of such kind. 71 Usually, they form cage like structures which are often called inorganic fullerenes (IFs). [72] [73] [74] [75] IFs were originally made from the layered structured chalcogenide MX 2 where M ¼ Mo, W and X ¼ S, Se.
72,76-85 Different methodologies have been applied to make IFs in the gas phase. To fold such layered structure to form cages or closed cylinders, high energy is needed which is supplied by arc discharge, laser vaporisation, ultrasonication or other sources. 56 À , and decreases thereafter. After this region (Fig. 1C) , the spectrum is completely featureless till m/z 2000, and suddenly, an intense peak appears at m/z 2049, which was followed by another peak at m/z 2144. An expanded view of the peak at m/z 2049 is shown in Fig. 1D which shows an exact match with the corresponding calculated spectrum of Mo 13 S 25 (Fig. 1E) . Similarly the next peak was assigned as Mo 13 S 28
À
. Along with this type of molybdenum sulfide cluster, several other clusters such as WS 2 , layered metal halides such as NiCl 2 , CdCl 2 , and TlCl 3 and oxides such as TiO 2 and V 2 O 5 also produced gas phase molecular clusters. 88 Gas phase clusters of noble metals have also been studied and clusters such as Au n , 23 Ag n , 23,55 etc. have been detected.
Early stages of monolayer protected clusters
Along with gas phase transition metal clusters, mass spectrometry has given an useful method to analyze noble metal cluster systems. 19 These clusters are monolayer protected by means of a ligand and as a result, they can be synthesized in solutions. Just after the Brust's new synthetic protocol, 89 scientists have started synthesizing highly monodisperse nanoparticles which show molecule -like optical features. Researchers from different groups have realised the importance of mass spectrometry in studying such clusters. 9, 10, 12, 22, 25, 26, [40] [41] [42] 44, [90] [91] [92] [93] [94] [95] [96] [97] Initially, LDI was used to identify the core mass. 91, 93 A variety of clusters having different core masses have been identified in those decades. In most of the cases, clusters are protected with alkane thiols. 91, 93 Whetten et al. have shown a series of clusters starting from 27 kDa to 93 kDa (Fig. 3A) . 98 Based on the TEM analysis and mass spectral position, it has been suggested that the core contains 140 to 459 gold atoms. Reports of glutathione protected clusters are also there. Initially, the 5.6 kDa cluster (core mass) detected by LDI mass spectrometry was assigned as Au 28 (SG) 18 . 99 Then in 2005, Negishi et al. have reassigned the cluster as Au 25 (SG) 18 based on high resolution electrospray analysis. 47 The clusters have been synthesized by reducing the Au(I)-SG polymer in ice cold condition which produces a mixture of clusters. In a later report, they have isolated nine clusters (1-9) through polyacrylamide gel electrophoresis (PAGE). These isolated cluster samples have been measured by their home -built ESI apparatus. 47 A schematic of the instrument is given in Fig. 2A accommodates an ESI source for the production of gaseous ions of metal clusters dispersed in a solvent and a time-of-flight (TOF) mass spectrometer with a reflectron. Schematic of the ESI source is given in Fig. 2B , along with the typical pressures of the chambers under operation. For a typical measurement, 50% (v/v) water/methanol solutions of the Au : SG clusters with a concentration of 0.5 mg mL À1 were electrosprayed into the ambient atmosphere through a syringe (flow rate of 2 mL min
À1
) biased at ca. À3 kV. The central part of the sprayed cone containing large droplets was fed into a capillary heated resistively to promote desolvation. Capillary temperature was optimized so that evaporation of the solvents from the droplets proceeds efficiently which results in maximum intensity of the desolvated cluster ions in the intact form. At higher capillary temperature, small fragments such as [Au(SG) 2 have been observed. 47 The cluster ions exiting the capillary were focused by a ring electrode, skimmed by two sets of skimmers, and guided by an einzel lens towards an acceleration region of the TOF mass spectrometer of a Wiley-McLaren-type configuration. The ions were extracted perpendicularly to the initial beam by applying a pulsed high voltage (ca. À9 to À14 kV with B30 ns rise time and 100 ms duration) to the acceleration grids. After stirring and focusing by sets of ion optics, the ions were counted either by a microchannel plate detector located at the end of the flight path (F4655-10, Hamamatsu) or by that with a centre hole (LPD-25, Burle) after reflecting back by the retarding field of the reflectron. The repetition rate was 130 Hz, and spectra were obtained by accumulation for 5-40 min. Resolutions of the mass spectrometer (M/DM) with and without the reflectron were typically 1000 and 400, respectively. All the clusters have been identified based on their peak positions and isotopic distributions. The clusters (1-9) have been assigned as Au 10 (SG) 10 , Au 15 (SG) 13 , Au 18 (SG) 14 , Au 22 (SG) 16 , Au 22 (SG) 17 , Au 25 (SG) 18 , Au 29 (SG) 20 , Au 33 (SG) 22 , and Au 39 (SG) 24 , respectively (Fig. 3B) . This was the very first report of a complete ESI MS assignment of a series of glutathione protected clusters. Among them, crystal structure of Au 25 (SR) 18 have been solved in 2008 100 which emphasized the capability of mass spectrometry in assigning such clusters precisely.
Advances in cluster science
Enormous expansion has happened in the field of nanoclusters and researchers have shown an effective role of mass spectrometry in characterizing such pieces of matter. It is important to mention here that mass spectrometry is not the only tool to characterize such clusters. Crystal structure is very much important to understand the detailed structure. Although there are plenty of reports of clusters assigned through mass spectrometry, only a few of them have been crystallized. A brief discussion of the clusters crystallized is given in Table 1 . In general, the structures consist of a metallic core which are surrounded by 5 , etc. where M ¼ Au, Ag. The structural aspects of these clusters are described using the ''divide and protect'' concept suggested by Hakkinen et al. 101 The clusters may be considered to be composed of a core and distinct number of specific staples. Table 1 summarizes this concept. Now, coming to mass spectrometry, it can give not only the information about core sizes but also the ligand composition. 9, 10, 26 Along with this, some metals like silver (Ag) and palladium (Pd) have several isotopes which results in broad isotopic distribution in the mass spectrum. So, assignment becomes much more precise. Fragmentation of ligands or the metal-ligand bond can create some problem in assignments but in most of the cases, that can be overcome by optimizing the mass spectral conditions. Several advances have happened in the recent past to improve the quality of mass spectrum of nanoclusters.
Au clusters
Among the clusters reported so far, gold clusters have been studied extensively. 19, 23, 47, 91, 92, 95 This is mainly because of the high stability of such clusters under ambient conditions. Although a few of them, such as Au 23 (Fig. 4) . 31 This works well with the alkane or phenyl substituted ligands and most importantly in this process mass spectrum of bigger clusters such as Au 333 is also achievable (Fig. 4) . Fields-Zinna Fig. 4 has introduced quaternary amine ligand as an external ionizing agent to get a better signal. But most of the clusters do not ionize with all these. For those cases, MALDI MS works better but it is always important to use a suitable MALDI matrix. Usually, weak organic acids such as sinapinic acid, cinamic acid, etc. have been used as matrices, but the problem with these matrices is that they do not prevent the fragmentation. In 2008, Dass et al. showed that trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) works well for Au clusters (Fig. 4) . 9 They have shown its effectiveness for all range of particles starting form 5 kDa to 76 kDa (Fig. 4B) . 44 A comparative MALDI MS data of Au 25 (PET) 18 using several matrices is given in Fig. 5 which shows the effectiveness of DCTB as a matrix for such clusters. The main reason for the success of this matrix is that it ionizes the molecule by electron transfer whereas in other cases it is proton transfer that serves ionization. Although the technique has been greatly used for organic soluble clusters for hydrophilic ligands, it is not suitable as they tend to form fragments under laser irradiation. synthetic protocols. Although single crystal XRD would have been the best method for identifying any cluster core structure, the inability to crystallize these clusters because of their poor stability makes mass spectroscopic techniques important in their identification. 109 113 and Ag 9 114 clusters, the former two were synthesized via an interfacial etching reaction between an aqueous/organic (toluene) interface and the latter by a solid state synthetic technique. All of these clusters were studied thoroughly and their compositions were assigned precisely by ESI and MALDI MS studies. In yet another example, the power and scope of mass spectrometry has been shown by Guo et al. by proper identification of Ag 32 (SG) 19 (SG ¼ glutathione) cluster using ESI MS technique by optimizing various parameters like source temperature, trap/transfer collision energies and cone gas flow rate (for improved collisional cooling). 18 The nature of the solvent also proved to be a parameter in making mass spectrometry a powerful tool in identifying this silver cluster. 18 Chakraborty et al. have shown the effectiveness of MALDI MS for the identification of Ag 152 (SCH 2 CH 2 Ph) 60 cluster where a sharp peak at m/z 24600 was seen along with a dication at m/z 12300 (Fig. 6A ). 41 The high stability of this cluster is because of the closed shell electronic structures (92 electron system). Emergence of metallicity has also been investigated for a range of silver clusters identified through MALDI MS with DCTB as the matrix. 40 Harkness et al. have identified the Ag 44 (SR) 30 clusters in 2012 22 which was found to be the most stable silver cluster among all and its crystal structure has also been solved recently. 109, 110 The HRESI spectra of 4-flurothiophenol and 2-naphthalenethiol protected Ag 44 clusters show exact matching with the corresponding calculated spectra (Fig. 6B) . Similarly, selenolate protected Ag 44 cluster (Fig. 6C ) also shows features for the 2-. 3-and 4-ions. Thus mass spectrometry has been effective for determining the composition of silver clusters. 42 
Silver clusters

Multidimensional mass spectrometry
Diverse multidimensional techniques such as MS/MS and ion mobility mass spectrometry (IMS) have been utilized for better understanding of such atomically precise pieces of matter. A brief discussion is given below.
MS/MS
Mass spectrometric characterization of clusters is often incomplete without MS/MS. Conducting such studies at high masses typical of clusters is difficult in most of the mass spectrometers. However, due to the multiple charges present on clusters, these studies become possible in most of the quadrupole instruments coupled with TOF, as the quadrupole analyzers can select mass and TOF can do mass analysis of the product ions. Limited MS/MS is possible in other instrument configurations such as reflectron and TOF TOF instruments; these measurements, however, may not be called MS/MS as mass selection is incomplete. Due to the reduced isotope resolution, in view of the large mass, precise characterization is difficult, although several attempts have been made to do the same. In the following examples, we present a few results for MS/MS studies. Ghosh et al. showed in an MS/MS study that fragmentation of Au 18 SG 14 gives closed shell ions with 8 electrons, 15 this suggests that the number of electrons in the ligand is also important in deciding the electronic structure of the cluster, determining its stability. MS/MS has been used to understand the composition of clusters especially in cases where the metal contains a rich isotope distribution. This has again been demonstrated by Wu et al. where the fragmentation pattern of Ag 7 (DMSA) 4 obtained from MS/MS was analysed in a detailed fashion confirming a closed shell ion with 4 electrons. 38 Ghosh et al.'s study in Fig. 7A corresponding to four different charge states of the cluster (q ¼ 4, 5, 6, and 7). MS/MS study of the 1956 peak ( Most of the clusters have not been examined by MS/MS also due to poor ion intensity. Clusters being metastable undergo facile fragmentation and obtaining molecular ions at high intensity for MS/MS analysis has been possible only in a few cases. The routine fragmentation pattern, namely ligand loss is seen only in a few cases as the neutral M-L species are more stable leading to their losses. The product cluster formed is often not electronically stable, leading to additional fragmentation, making it impossible to identify them. The foregoing suggests that routine MS/MS examination of clusters require the development of new ionization methodologies.
Ion mobility mass spectrometry (IMS)
New techniques have been introduced into commercial mass spectrometers for better understanding of the structural features of a molecule. Ion mobility mass spectrometry is an example of that which has been used for different ligand protected gold nanoparticles to understand several aspects of its structure in the gas phase. [19] [20] [21] The principle of this technique is to separate specific ions based on their size, more prominently ion surface area. In short, in this mass spectrometer, ions are injected into a gas-filled drift tube where they experience numerous low-energy collisions with a background gas and that separates ions based on the ion-neutral collision cross section (CCS). 19 Just like liquid chromatography, here also smaller ions elute faster than larger ions which experience more collisions. In most of the cases IMS has been used to understand the size of gold nanoparticles but it also helps to understand the fragments generated from them such as Au 4 (SR) 4 which are often seen in the mass spectrum of Au 25 (SR) 18 . The same was found for the case of Au 38 (SCH 2 CH 2 Ph) 24 and Au 68 (SCH 2 CH 2 Ph) 34 . 43 But from crystal structure, no such species has been found as a staple which does suggest that this fragment is generated in mass spectral conditions. Even Fields-Zinna et al. have found that in tandem mass spectrometric conditions tetrameric ion, NaAu 4 (SR) 4 1 can be generated from Au 25 (SR) 18 clusters.
14 In IMS, one can reduce such fragmentations and one can reduce the noise to get a low intense peak in a much prominent way. Compared to the vastly studied and rapidly growing field of monolayer protected clusters of Au and Ag, clusters of other metals are in their infancy. There are only a few reports of clusters of metals like Pd, Cu, Pt, etc., and some alloy clusters of these metals with Au and Ag have been studied up to an extent. This section gives a brief account of mass spectrometric investigation of clusters of metals like Pd, Pt, Cu and of a few alloy clusters.
Pt clusters
There are several attempts to create fluorescent Pt nanoclusters by different methods. Giuffrida et al. developed a methodology to obtain ultrasmall, water-soluble, carboxylate-terminated Pt clusters. 116 Yuan et al. have synthesized highly fluorescent Pt clusters employing mild etching process by phase transfer via electrostatic interaction. 117 There are also reports on blue 118 and yellow emitting Pt clusters 119 protected by thiol, thioether and ester -functionalized polymer and glutathione. But we will not go in to the details of synthesis of these materials and will focus on their mass spectrometry.
The Pt clusters made up of 4 to 6 Pt atoms protected by N,NDimethylformamide were synthesized by Kawasaki et al. by previously reported process. These clusters were photo -luminescent with their emission maximum dependent upon the excitation wavelength. The composition of these clusters was determined by MALDI MS by ligand exchanging them with 2-mercapto-benzothiazole (MBT). The mass spectrum shown in Fig. 8A , consisted of a peak corresponding to Pt 5 (MBT) 7 as the dominant signal and it was in agreement with the simulated mass obtained in isotopic analysis. The clusters with 4 and 6 Pt atoms were also present which were assigned as shown in the Fig. 8A . 120 Recently, a blue emitting 11-atom Pt cluster protected by 4-(tertbutyl)benzylmercaptan (BBSH), Pt 11 (BBS) 8 was reported. 8 The cluster was synthesized by the solid state method wherein H 2 PtCl 6 and BBSH were ground to form thiolates first and these thiolates were reduced using appropriate quantity of NaBH 4 . The molecular formula of clusters was assigned using MALDI MS and ESI MS data, shown in Fig. 8B . The main figure shows the MALDI mass spectrum obtained at threshold laser power using the DCTB matrix. The peak was observed to be broader compared to that of the Au 25 
Pd clusters
Though there are several reports on the synthesis and characterization of Pd clusters, [121] [122] [123] [124] [125] mass spectrometric investigations of them are rare. TEM has been used as a major characterization tool in all these cases.
Negishi et al. synthesized Pd clusters by reacting PdCl 2 with alkanethiols, RSH (R ¼ n-C 18 H 37 , n-C 12 H 25 ). They analysed chemical composition of the clusters formed by mass spectrometry using a MALDI TOF apparatus constructed in their group in the presence of anthracene as the matrix. They observed Pd 5 (SC 18 H 37 ) 10 and Pd 10 (SC 18 H 37 ) 12 thiolate complexes as the major species and also peaks corresponding to some other fragment ions formed during the MALDI process, in positive mode, when the sample was diluted by anthracene to B1 mol%.
They have also observed significant dependence of mass spectral features on the relative concentration of sample and matrix. When the sample was diluted to 20 mol% by anthracene, the peaks were not assignable to any combinations of Pd and C 18 H 37 SH, but to Pd n S m 1 and peak positions were independent of chain length of the ligand. Thus they came to a conclusion that samples contained Pd : SR clusters designated as Pd n (SR) m and that all the C-S bond cleavage was induced because of UV absorption by clusters, efficiently and selectively. 45 It was prepared by following the solid -state route. In order to find the molecular composition of these clusters, both MALDI MS and ESI MS characterization of the material was performed. MALDI MS was obtained in the negative mode using DCTB as the matrix which showed a single peak at around m/z ¼ 5800 which was assigned to BCu 38 (PET) 25 (shown in Fig. 9C(a) ). There was only a single peak in MALDI MS showing the existence of a single species. The ESI MS data of clusters obtained in the negative mode is shown in Fig. 9C(b) . The molecular ion features were not observed in ESI MS, but peaks corresponding to some fragment ions could be seen. The peaks with maximum intensity at m/z ¼ 1141 and 941 were assigned to the fragments [Cu 6 À , respectively and experimental and theoretical isotopic distributions are shown in insets of Fig. 9C(b) . 2À , respectively which are indicated by arrows in inset iii of Fig. 9C(b) . These fragments compliment the presence of PET-protected copper clusters in solution. 45 An unprecedented 20 atom copper cluster incorporating 11 hydrides into the system with a molecular formula, Cu 20 H 11 (S 2 P(O Pr) 2 ) 9 cluster in positive mode with inset showing the observed and calculated spectra for molecular ion peak. The peak at lower mass is attributed to the fragment and that at higher mass is attributed to a Cu adduct of the molecular ion which are described in the text. rACS Publishing. Reproduced with permission. etc. Due to alloying, we can observe an enhancement in specific properties of clusters because of synergistic effects. Also due to rich diversity in compositions, structures and properties, they find widespread applications in different fields. 134 Some examples of these will be discussed here with more emphasis on their mass spectrometry.
Murray et al. reported the monopalladium doped bimetallic cluster, Au 24 PdL 18 (L ¼ 2-phenylethanethiol) in 2010. Their synthesis procedure was similar to that of Au 25 PET 18 , but they used mixture of Au and Pd salts instead of gold salt (HAuCl 4 ) alone. They confirmed the mono-Pd doping by ESI MS of clusters, partially ligand exchanged with thiolated(polyethlyneglycol) (PEG), and also with MALDI TOF MS analysis. 13 Negishi et al. isolated highly pure dodecanetiolate -protected Au 24 Pd cluster using solvent fractionation and high-performance liquid chromatography (HPLC). The negative ion MALDI mass spectrum of purified cluster as compared to that of Au 25 (SC 12 H 25 ) 18 is shown in Fig. 10A . 46 The same group reported palladium doped magic number cluster Au 38 protected by phenylethanethiolate, Au 36 Pd 2 (SCH 2 CH 2 Ph) 24 , and studied the mass spectral feature of the cluster using MALDI MS and high resolution ESI MS analysis in negative mode. They found that Au 37 Pd(SC 2 H 4 Ph) 24 was also present in solution, but di-palladium doped cluster was more stable compared mono-palladium doped cluster. 129 The effect of Ag doping on the electronic structure of Au 25 (SR) 18 clusters was studied by Negishi et al. by considering dodecanethiol as the ligand. The synthesis procedure was similar to that of the Pd-doped cluster. They observed multiple silver atom incorporation into the Au 25 (SC 12 H 25 ) 18 system forming a series of clusters, Au 25-n Ag n (SC 12 H 25 ) 18 (n ¼ 0-11), unlike in case of Pd-doping, and that electronic structure of Fig. 10 (A 14 fragment. The clusters were purified by HPLC and MALDI MS was collected using DCTB matrix in linear mode TOF mass spectrometer. Reproduced from Ref. 46 with permission from the PCCP Owner Societies. (B) The negative ion ESI MS of the 13-atom alloy cluster Ag 7 Au 6 protected by MSA and partially ligand exchanged with PET, in the region m/z ¼ 1000-1700. The cluster showed substitution of six MSA ligands by PET which was confirmed by sequential loss of six tropylium ions (n ¼ 0, 1, 2, . . . 6) observed during ionization. The inset a) shows simulated (gray) and observed (black) isotopic pattern of the peaks and b) shows the fragments. Reproduced with permission. 135 18 with n ranging from 0-5 indicated in the figure. rACS Publishing. Reproduced with permission. Au 25 cluster was continuously modulated by incorporation of each silver atom. The MALDI MS of the clusters in the negative mode contained multiple peaks and all the peaks were assignable to Au 25-n Ag n (SC 12 H 25 ) 18 (n ¼ 0-11). Similar spectra were obtained in positive ion mode as well. 130 In a similar way, doping the magic number cluster, Au 38 protected by phenylethanethiol, created a series of alloy clusters, Au 38-n Ag n (SCH 2 CH 2 Ph) 24 , which were characterized by positive ion MALDI TOF analysis. 26 Ag atom incorporation into some other cluster systems like Au 144 (SR) 60 25 and Au 130 (SR) 50 , 136 etc., is also reported in the literature resulting in different alloy clusters of Au and Ag. A 13 atom alloy cluster Ag 7 Au 6 protected by mercaptosuccinic acid (MSA) was reported by Udayabhaskararao et al. 135 These clusters were prepared by the reaction of a mixture of Ag 7 and Ag 8 clusters with HAuCl 4 solution. When the ESI MS measurements were done on as -synthesized clusters in aqueous medium no characteristic peaks were observed, because clusters were decomposing due to high capillary temperature of around 313 K. Hence, the clusters were transferred to organic medium by partial ligand exchange of MSA with phenylethanethiol (PET) and ESI MS analysis was performed. The mass spectrum of PET -exchanged clusters is shown in Fig 10B. The peak with highest m/z was assigned to [Ag 7 Au 6 (PET) 6 (H 2 MSA) 3 
(MSA)]
2À and the series of peaks following it correspond to sequential loss of tropylium ion from each PET ligand (n in figure indicates the number of tropylium ions lost). The series terminates at six tropylium ion loss confirming the presence of six PET ligands in the system. 135 The doping of Cu atoms into the Au 25 (SCH 2 CH 2 Ph) 18 system was attempted by Negishi et al., which was reported in 2012. Fig. 10D shows the negative ion MALDI MS of the clusters consisting of multiple peaks, assignable to clusters with different number of Cu incorporation, i.e.,Au 25-n Cu n (SCH 2 CH 2 Ph) 18 (n ¼ 0-5) . Unlike the case of Pd and like in the case of Ag, a series of alloy clusters, Au 25-n Cu n (SCH 2 CH 2 Ph) 18 were obtained in this case, which were identified in the mass spectra. But they could observe only up to six Cu atom incorporation and clusters with more than six Cu atoms were hardly observed in experimental conditions followed by them. 131 In case of selenolate protected cluster system, Au 25-n Cu n (SeC 8 H 17 ) 18 (n ¼ 0-9), up to nine Cu atom incorporation was observed. 18 . They found that Pt -doping drastically changes the electronic, optical and catalytic properties of clusters. Differentiating Pt (195.08 Da) from Au (196.97 Da) is a tough task because of their very small mass difference (1.89 Da). Hence high -precision ESI MS was used as an analysing tool by them for identifying the new cluster formed. The ESI MS in positivemode with experimental and simulated spectra are shown in Fig. 10C . Cesium acetate was used as an enhancer in this case and they observed [Au 24 Pt(SR) 18 Cs] 1 as a major peak at m/z ¼ 7 524.8 Da. 132 The location of Pt atom was later identified by platinum L 3 -edge extended X-ray absorption fine structure (EXAFS) analysis along with X-ray photoelectron View Online spectroscopy (XPS) and computational analysis. The Pt atom occupies the centre of the icosahedral Au 13 core. 138 A bimetallic cluster of Ag and Ni, which involves a noble metal and a first row transition metal, protected by di-mercaptosuccinic acid (DMSA) ligand has been reported in 2012. The cluster was characterized using ESI MS and the structure has been predicted using theoretical calculations. 133 Thus, mass spectrometry, mainly MALDI MS and ESI MS, has played a major role in identifying clusters of metals like Pt, Pd, Cu and alloy clusters, their composition and structure determination along with other characterization techniques. In case of alloy clusters, mass spectrum is an important tool to know the combination of different metal atoms in a specific cluster.
Protein protected clusters
Choice of ligand plays a significant role in cluster science. Starting from gas phase to phosphine and then thiol protection, new era began when people started using macromolecular templates for synthesizing clusters. 139 Peptides, 140 DNA, 141 dendrimer 142 and mostly proteins 139 are the members of this new family. This specific class of molecules bridge materials and biology. In this section we will mostly discuss protein protected clusters. So far several proteins namely, bovine serum albumin (BSA), 28, 29, [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] native lactoferrin (Lf), 39, 153 human serum albumin (HSA), [154] [155] [156] lactalbumin, 157 pepsin, 158 trypsin, 159 chymotrypsin, 160 lysozyme (Lyz), [161] [162] [163] [164] hemoglobin (Hb), 16 horse radish peroxidase (HRP), 165 insulin, 166 etc., have been used for cluster synthesis. Some reports exist on mixed protein matrices used for cluster synthesis such as egg shell membrane, 167 human hair, 168 egg white, 169 etc. Along with conventional metals like Au and Ag, several other metals like Pt, 169 Fe, 16 and Cu 17 clusters also have been synthesized using proteins. Protein protected clusters do not exhibit well defined UV-Vis absorption feature unlike their monolayer protected analogue (as described in the above sections). But they have intense luminescence which allows them to act as sensors for toxic metal ions, 17, 39, [147] [148] [149] 151, 159, 163, 170, 171 small molecules 143, 165, 169 and biologically active molecules. 156, 162, 172 Their luminescence can be used for bio-imaging and bio-labeling. 148, 166, 173, 174 In the context of emerging applications, of biocompatible materials, it is necessary to look into the protein protected clusters in greater details. Although several clusters have been crystallized (see previous section for details) none of the protein protected clusters could be crystallized so far due to the inherent lack of crystallization of proteins in the experimental conditions used for cluster synthesis. Mass spectrometry is an alternate tool for identifying the cluster cores. Proteins are being characterized by mass spectrometry for long and a large body of literature exists on mass spectrometry of proteins and their interaction with other molecules. 11 Many protein protected clusters have been identified by the mass shift in the protein region after cluster synthesis. 150 An external reducing agent namely, NaBH 4 is used to synthesize Ag clusters. 28 After cluster formation, protein loses its secondary structure partially (for example, Lyz loses 28% helicity). 17, 29, 39, 161 Fragmentations occur due to the excess base and catalytic fragmentation of the protein occurs by the clusters. These effects ultimately result in poor ionization in ESI MS. To date, none of these clusters could be seen in ESI MS, although, by using latest mass spectrometers we can reach the mass range of bigger proteins like BSA in ESI MS. As a result, mostly these clusters are studied using MALDI MS. In the following sub-sections, we will discuss the mass spectrometric investigations of various protein protected clusters.
Au, Ag and Au@Ag alloy clusters
MALDI MS is the commonly used technique in this scenario which is a soft ionization method and capable of showing parent singly charged ion, known as the molecular ion. In MALDI MS of protein protected clusters, matrices such as sinapic acid (SA), a-cyano-a-hydroxy cinnamic acid (CHCA), etc., are used. 11 Minimum quantity of cluster solution is mixed well with a larger volume of matrix solution and spotted on the MALDI plate to yield a dried droplet. In 2009, Xie et al. first reported mass spectrometric identification of gold clusters protected with BSA. 150 They have shown a mass shift of 25 Au atoms after cluster formation and the cluster was assigned to be Au 25 @BSA. Note that Au 25 is one of the magic numbers in clusters. These data were further supported by thermogravimetric analysis. Another magic cluster core, Au 38 @BSA was prepared by Muhammed et al. by core etching of gold nanoparticles. 148 This was also red luminescent. MALDI MS data revealed that only Au 38 is formed in this process as no other peaks were observed in the higher mass region. Schneider and co-workers proposed the formation of blue luminescent Au 8 core at mild basic conditions (pH 8) and red luminescent Au 25 core after reducing with ascorbic acid at pH 3. They have used CHCA as the matrix in MALDI TOF and got a Gaussian type of distribution having a series of peaks. 146 Two types of peaks were present, major peaks were separated by m/z 197 due to Au and minor peaks were separated by m/z 32 (from the major peaks) due to sulphur attachment, assuming the formation of Au n S m 1 aggregates. The peaks with maximum intensity were related to the high population of Au 22 -Au 25 cores. Protein structure plays an important role in cluster synthesis. Normally, harsh conditions were used for cluster synthesis and at such conditions proteins change their structure as the structure is highly dependent on pH of the solution used. Predefining the protein structure by controlling the solution pH can help to get different cores as protein structure plays an important role in cluster formation. To prove this hypothesis (tailoring protein structure by controlling solution pH), Yu et al. have used CO as a mild reducing agent and maintained the pH of the solution and could isolate five different gold cluster cores (Au 4 , Au 8 , Au 10 , Au 13 and Au 25 ) at different reaction conditions using BSA as the protein of choice. 152 As usual, at high pH (4pH 11) Au 25 was formed while at mild basic condition (like pH 7.4 maintained using phosphate buffer) smaller cores like Au 13 were formed (see Fig. 11A ). The cores are assigned in terms of mass shift observed in MALDI MS. By changing the Au : BSA concentration at pH 7.4 they could find three smaller cores namely, Au 4 , Au 8 and Au 10 which were confirmed from their respective mass spectra (see Fig. 11B ).
There is always some amount of free protein during cluster synthesis. This can be due to excess protein or regeneration of free protein with time (see later for details). Some groups have tried to separate the clusters from excess protein and cluster mixtures. Li et al. have dansylated (common green fluorescence tag for proteins which does not change protein conformation) BSA to synthesize the red luminescent clusters. After separation through Sephadex G-75 gel, clusters were collected and the mass spectrum showed the same Au 25 core. 145 In another approach by Guan et al. free BSA was removed from the cluster solution by specific binding with Zn 21 ion. After separation, they got only the Au 25 @BSA peak without free BSA. 175 Human transferrin has also been used for Au cluster synthesis. Xavier et al. through MALDI TOF MS showed a broad distribution of Au nanoclusters ranging from Au 10 -Au 55 with peak maxima at 22-33 Au. Between two separate series observed, major peaks are separated by m/z 197 due to Au and the minor peaks are separated by m/z 32 due to sulfur. 39 They have also identified the intermediate Au 13 core from the MALDI MS data. They have extended their study to see the evolution of clusters where they have shown that gold ions organize to create the cluster core through aurophillic interactions leading to regeneration of the free protein. We'll discuss this in detail in the following sub-section.
Kawasaki et al. have reported synthesis of different cluster cores using pepsin by changing the pH of the system. 158 They have observed red luminescent Au 25 at pH 12 while Au 13 forms at pH 1 and blue emitting Au 8 with Au 5 were observed at pH 9. They have used 2-mercaptothiazole (MBA) as well as SA as matrices. They could not find a molecular ion peak for Au 25 @pepsin but they have assigned the Au 13 core in the case of green emitting clusters formed at pH 1. Fragmented species like Au 11 , Au 9 , Au 7 and Au 6 were also observed in the mass spec. They have observed that nearest peaks were separated by m/z 32 due to sulfur and another unknown species with m/z 177 separation also exists which they have attributed as glycine-cysteine conjugate which can fragment from the protein during laser desorption. Similarly they have found Au 8 and Au 5 in MALDI TOF at pH 9. Wei et al. have first reported Au QCs @Lyz but they did not show any mass spectrum for the clusters. 163 Chen et al. have reported blue emitting Au 8 clusters protected with Lyz at pH 3 and used the cluster for sensing glutathione in a single drop of blood. 162 They have shown MALDI MS of the clusters and proved that the cluster has a Au 8 core. They have proposed pHdependent change in protein secondary structure that can lead to bigger clusters like Au 25 at pH 12. Baksi et al. have reported the formation of Au 10 core inside a single protein molecule of Lyz. 161 They have proved a single cluster within a single protein by careful examination of the protein aggregates. They have also shown through concentration-dependent study that a maximum of Au 12 core is possible for a smaller protein like Lyz. They have also shown single cluster protected with multiple proteins at certain concentrations. We will discuss this in detail in the following subsection. There are several other protein protected clusters existing in the literature which were characterized by other tools but not by mass spectrometry.
Number of protein protected gold clusters is many compared to silver clusters due to inherent instability of silver clusters compared to gold clusters. Among them only a few have been characterized by MS. Mathew et al. have prepared Ag 15 protected by BSA. 28 They have confirmed the core from multiple charge states of BSA (þ2, þ3 etc.) by calculating the mass difference from the parent BSA peak. The separation is about m/z 1.6 kDa for þ1 charge state, whereas the mass difference is around 800 for þ2 charge state and about 500 Da for þ3 charge state. They have also studied the effect of NaBH 4 by varying the overall concentration of it and found that NaBH 4 helps in transforming Ag 1 to Ag 0 without changing the cluster core. In another report, Anand et al. have synthesized different Ag clusters protected with HSA. 154 They have found an Ag 9 core by the slow reduction of Ag 1 by HSA at pH 11 for 10 hours whereas Ag 14 forms by rapid reduction of Ag 1 in presence of NaBH 4 . Around 1 kDa mass shift was observed from the main BSA for Ag 9 @HSA while the shift is about 1.5 kDa for Ag 14 @HSA (see Fig. 12A ). Gold Fig. 12B ). For example, a 10 : 90 mixture of Ag 31 : Au 38 results in substitution of a few Au atoms by Ag while for the 90 : 10 mixture substitution of a few Ag atoms by gold occurs. Absence of both the parent cluster peaks suggests tuneable alloy cluster formation throughout the compositional window studied. They have also tried to prepare the alloy clusters by galvanic exchange assuming that in case Ag and Au clusters react with each other to form an alloy, there must be some reactivity of individual ions. They prepared Ag clusters and added HAuCl 4 in the solution and after reaction they observed the formation of AgCl confirming reactivity of the cluster and interchange of Ag atoms by Au. A similar kind of tuneable alloy clusters were observed in the case of Lyz also where different ratios of Au 11 @Lyz and Ag 13 @Lyz were mixed together. 177 
Non-noble metal clusters in protein templates
There are only a few reports of metal clusters other than gold and silver in the case of protein protected clusters. Goswami et al. have reported blue emitting copper clusters in BSA scaffold and used them as potential sensors for Pb 21 . 17 They have prepared blue emitting Cu clusters by mixing Cu salt with BSA at pH 12 at 55 1C. They have found two smaller cluster cores namely, Cu 5 and Cu 13 in MALDI MS.
In another study they have made luminescent iron clusters in solution starting from hemoglobin (Hb), as the Fe source as well as protecting scaffold. 16 Pipiridine was used to bring Fe 21 /Fe 31 out from the porphyrin ring to the protein matrix and then subsequent reduction by NaBH 4 at room temperature to form yellow luminescent Fe clusters in solution. They have tried MALDI MS of the as-synthesized material to get an idea about the nuclearity. Hb showed two peaks in MALDI MS centered at m/z 15 230 due to a-globin chain and at m/z 15 990 due to b-globin chain. These two peaks shifted to m/z 15 760 and 16 500, respectively after cluster formation and the corresponding cluster core can be roughly assigned as Fe 7-10 @Hb. This assignment might not be exactly correct due to the broadness of the peak and poor resolution at that mass range. ESI MS could be the best option to find the exact core in solution as it does not give much fragments like MALDI MS. They did not get any ESI MS of the as-synthesized Fe QCs @Hb, which is a common problem for all protein protected clusters. To resolve this issue, they have tried ligand exchange with a smaller ligand known to form Fe nanoparticles, namely, trioctyl phosphineoxide (TOPO) as their ligand of choice and successfully extracted the exchanged product in chloroform. ESI MS of the ligand exchanged product using chloroform and acetonitrile as the solvent mixture showed multiple peaks due to Fe 1 and then two water molecules to give a bare Fe 8 core (see Fig. 13 for details) .
There are some reports on other metal clusters like Pt but no mass spectrum was reported. Some of the protein and cluster systems along with their applications are listed in Table 2 . Fig. 13 (A As disulphide bonds between the cysteines (one of the major contributor of helical structure) break at this pH, free thiol group can bind to the Au and stabilize the as-formed clusters inside the protein. After 4 hours of NaOH addition, red luminescence starts appearing indicating the formation of the cluster core. At this stage, MALDI MS showed a clear peak at 86.7 kDa shifted by 22-23 gold atoms from the parent Lf peak. After 12 hours of incubation, they have observed a small hump at 85.6 kDa due to the appearance of Au 13 along with regeneration of free protein and formation of Au 25 (see Fig. 14) . This was explained in terms of intra and inter-protein reorganization of Au atoms due to aurophillic attraction of gold. When cluster core starts nucleating, it attracts other gold atoms from neighboring proteins which come out as free protein.
To validate this hypothesis further,they have added Au 31 to the solution and saw that in this condition Au 25 is forming with higher intensity and Au 13 is absent suggesting complete conversion of all available gold to the Au 25 core. This two-step approach is better than a single step method as the amount of cluster was increased, which is further supported by a two-fold increase in the luminescence intensity. They have carried out similar kind of study with BSA also. They have noticed the formation of Au 25 along with the Au 8 intermediate and concluded that the core might be the same but the growth depends completely on the nature of the protein. The above mentioned proteins are bigger (583 amino acid residues) and so it is expected that they can accommodate smaller 1 nm cluster core within. But when the protein size is smaller like insulin, there is a chance that clusters cannot form inside the protein rather multiple proteins can stabilize one core. Such type of studies were done with insulin where clusters were grown uniformly inside micro-crystals of protein and that was proved by depth dependent two-photon excitation spectroscopy and RAMAN spectroscopy but mass spectrum is not available for this specific system. 166 Recently, Baksi et al. have reported growth of gold clusters inside a small protein Lyz (129 amino acid residues). 161 They have shown that a maximum of 12 atom gold core can be accommodated inside a single protein irrespective of the concentration of Au or protein used. Lyz forms aggregates both in solution and in gas phase. When clusters form, the main protein peak shifts by around m/z 2 kDa in the monomer region confirming the presence of Au 10 2 1 , (Au 10 @Lyz) 3 1 , etc., after cluster formation confirming similar kind of aggregation tendency of the protein after cluster formation. They have not seen any peak corresponding to Au 10 @Lyz n which means that the cluster is inside the protein and while aggregating the whole species forms aggregates. Multiple proteins protecting a single cluster core was also observed when very low concentration of gold was used compared to the protein. In this case, amount of gold was not enough to saturate the protein and therefore when clusters started nucleating, multiple proteins could protect one single core. Therefore, it can be concluded that cluster core size is directly correlated to the protein size.
6.4 Gas phase clusters from protein templates As discussed above, luminescent protein protected clusters exist in solution with zero valent oxidation state of the metal (for example, Au 0 state for Au clusters). Cluster forms via the metal bound protein complex (Au 1 -Protein adduct for Au cluster formation) where metal is in its intermediate oxidation state. 153 In this section we will discuss a new class of materials which were observed recently by Baksi et al. 178 They have observed that when Au 1 -Lyz adducts were subjected to laser ablation, some bare clusters were formed in the gas phase. When Au 31 was mixed with Lyz, Au was uptaken by the protein and a corresponding change is seen in the mass spectrum in the form of appearance of multiple peaks separated by m/z 197 due to Au attachments (Lyz 1 peak appears at m/z 14 300). Maximum 10 Au attachments were observed in the MALDI MS which was justified in terms of limited (eight cysteines forming 4 disulfide bonds) cysteine content. In the lower mass region (o10 kDa), multiple envelopes can be observed consisting of multiple peaks separated by m/z 197 and the peak maxima of the envelopes were observed at Au 18 S 4 1 , Au 25 1 and Au 38 1 . Au 102 1 was also observed but with less intensity (see Fig. 15A ). Note that, Au 25 , Au 38 and Au 102 are known to be magic number clusters when considered along with monolayer protection due to the shell closing electronic structure which have been crystallized already. Sulfur attachments were justified in terms of attachment of Au with the thiol group of cysteine residues. Au 38 appears only at highest concentrations of Au 31 . In all other cases, in that region (Au n -Lyz) 21 peaks appear with m/z 99 separation between the adjacent peak due to Au 21 (Au 38 1 mass is comparable with the (Au n -Lyz) 21 ). They have also seen that Au 38 1 forms after a certain time of incubation of the adducts. Similar type of cluster formation was observed in negative ion mode also but the intensity was less compared to positive ion mode indicating that the clusters are more stable in the positive ion mode. To check whether these clusters form in solution or not, they have done ESI MS of the adducts and observed that maximum 3 Au attachment with the protein occurs which may be due to charge induced dissociation of large adducts at high charge state (þ10, þ11, etc.). There was no signature of bare clusters in the solution phase suggesting laser induced formation of such clusters in the gas phase. They have checked this phenomenon with other proteins namely, BSA and Lf also but Lyz was found to work best among these three. As already mentioned, Lyz is a small protein and can accommodate only up to 12 atom core inside it (see Section 5.3), it is obvious that the clusters (Au 38 or Au 102 ) cannot form inside it. These clusters might be forming in the gas phase or may be forming in the solution itself and are loosely bound to the protein. Therefore, when they are subjected to laser ablation, they detach from the protein and appear as bare clusters.
When laser is fired, Au -bound protein adducts come to the gas phase. A gaseous plasma consisting of several ions, molecules, atoms and electrons is formed. A delay time is given before extraction of the ions which is enough for inter and intra molecular reaction in the plasma. Some of the Au atoms detach from the protein and they aggregate among themselves to form bare gas phase clusters. When these clusters nucleate from individual atoms, heat of aggregation should be removed from the system for stabilization. In this case, the above mentioned reactions are facilitated by the abundance of protein molecules and their gold adducts in the reaction zone, since their large mass slows down their movement and separation from the plasma cloud. Being a macromolecule, proteins have several degrees of freedom and can act as a heat bath. Several unimolecular reactions are possible like:
All these reactions are possible as the ions are extracted after a certain delay time (MALDI MS is generally performed by using a delayed extraction process) which is enough for aggregation reactions. By changing View Online the delay time, one can get most stable product from mixture of possible products.
In proteins, cysteines form disulfide bond and exist as cystine units (dimer of cysteine) which is one of the causes of helicity of proteins. Keeping in mind the strong affinity of Au towards sulfur, it is assumed that Au ions bind to cysteine residues of the proteins. When Au ions are uptaken by the protein, disulfide bonds break and protein secondary structure is lost. This process can help the bare clusters to achieve their stability in gas phase. This was explained taking Au 38 as a model through density functional theory calculations.
As mentioned above, Au 25 , Au 38 are known to be magic number clusters in the case of monolayer protection. But their gas phase analogues, bare Au 25 , Au 38 are not magic numbers by their electron count (magic numbers are 20, 34(40), 58, 92 etc.). For example, for Au 38 to be a magic number, it must lose 4 electrons to get magic number stability which is possible only if interaction of protein with such clusters is considered. For lowering down the computational burden, they have considered only cystines, not the whole protein. If two cystines are bound to Au 38 surface and dissociate to 4 cysteines, 4 electrons will be lost (38 À 4 ¼ 34 e À ) and the cluster can get magic number stability. A distorted truncated octahedron (d-TO) structure was observed for bare Au 38 which is different from its monolayer protected structure (see Fig. 15B ). When a cystine binds to a d-TO Au 38 surface, it does not change the overall structure or electronic arrangement. However, upon dissociation of two cystines to four cysteines, they adsorb strongly on the surface with a binding energy of 1.97 eV per cystine molecule (see Fig. 15C ). Thus for dissociative binding of two cystines we get, . Three main envelopes were observed in the lower mass range ( o10 kDa). Each envelope is composed of multiple peaks separated by m/z 197 due to Au. Au 18 38 showing distorted truncated octahedron structure whose energy is lower by 1.07 eV than that of an ideal TO structure. Dashed vertical line at E-E F ¼ 0 is showing the midpoint of HOMO and LUMO energy levels. In the lower panel PDOS of an optimized Au 38 (Cysteine) 4 is shown. In the orbital isosurface images, positive and negative orbital values are coloured light blue and pink, and the orbital energies symmetries are marked. A stabilization energy (shell closure gap) of 0.5 eV was observed after interaction of Au 38 cluster with two cystine residues of the protein, which ultimately got converted to four cysteines. (C) Three views of the structure of Au 38 (cyteine) 4 with four adsorbed cysteine (HO 2 CCH(NH 2 )CH 2 S-) residues, resulting from two dissociated cystine units. rWilley-VCH Publishing. Reproduced with permission. View Online nearest magic number is 92. This study clearly explains the interaction of protein with clusters in the gas phase.
In another study, they tried to dope foreign metals with these clusters in the gas phase. 177 Many transition metals like Ag, Cu, Pd, Pt, etc., are known to form alloys both in bulk as well as in the nanoscale regime. They have used several metal ions covering 3d and 4d transition metals namely, Fe, Ni, Cr, Cu, Zn, Ag, Pd and Pt which are known to form alloys in bulk with gold. They have mixed Au 1 -Lyz adduct and M-Lyz adduct in 3 : 1 ratio (optimized from several concentration dependent studies) and found that only Pd was recognized in the gas phase by gold and formed an alloy. Other metal ions act as catalyst for specific Au cluster formation. For example, Ni 21 , Cr 31 and Fe 21 enhance the intensity of Au 25 1 but does not form any alloy with gold in gas phase. In presence of Pt, the Au 18 S 4 region was enhanced and all the other peak positions remained almost the same. As molecular weights of Au (197) and Pt (195) are nearly the same, it is not possible to conclude whether any alloy was formed or not. Solely Au 25 1 was formed when Cu 21 was added to the system, possibly due to substitution of Au binding sites by Cu which was reflected in the total number of Au attachments to the protein. Although Ag is most well-known to form alloy with gold in all solutions (bulk, nanoparticles, monolayer and protein protected clusters) but such an alloy was not detected in the gas phase. In the case of Pd, maximum of two Pd attachments were observed in the gas phase. Total shape of the envelope changed after alloy formation. Maximum peak was observed for Au 20 Pd 2 S 1 (comparable to Au 25 1 in electron count). Although Au 24 Pd is the most stable species in solution state but in gas phase Au 27 Pd 1 showed the maximum intensity although the neighboring peaks do not vary much in terms of abundance. No alloy formation was observed in the Au 38 region and the relative intensity (Au 25 to Au 38 ) is higher here compared to pure gold-adducts. This signifies catalytic enhancement of stability of Au 38 in presence of Pd. This was further confirmed when the mixed adducts (Au-Lyz and Pd-Lyz) were incubated for two days and then subjected to laser ablation, Au 38 appeared as the most intense peak (more intense than the main protein peak). Another envelope appears after the Au 38 region which was originally absent only in the case of Au. In this region, Au 47 PdS 2 1 was the most intense one although it is not a magic number implying that Pd facilitates formation of metastable clusters in the gas phase. Alloy formation occurs in the gas phase irrespective of the physical mixture of Au and Pd adducts or direct addition of Pd 21 salt into Au adduct solution implying simultaneous Pd uptake by the protein in presence of Au which was proven further by ESI MS.
Conclusion and future perspectives
Investigation of atomically precise pieces of matter by mass spectrometry has given information on several new cluster systems. Their chemistry and materials science have advanced tremendously in the past few years. Each of those investigations has used mass spectrometry extensively. Tandem mass spectrometry of several clusters and cluster fragments must be investigated to know them in detail. Some of those gas phase products can only be investigated with the help of mass spectrometry. While excellent mass spectra have become possible due to new developments in mass spectrometry, some of those studies have not been possible on a few other clusters, such as MALDI MS of Ag 44 SR 30 4À . New methods for MALDI have to be found for such systems. ESI MS has not been possible so far on protein protected clusters. It is also important to note that studies on clusters have given several challenges, especially in the isolation of isomeric clusters. As cluster systems become more complex, ion mobility may become one of the important aspects of mass analysis of clusters. Chemistry of cluster ions in the gas phase, derived from clusters in solution will become attractive. There is also a possibility to study the properties of naked clusters derived from protein templates, especially their catalysis. All these studies will make this area rich in the coming years.
